Background-Restriction in fetal growth is associated with cardiovascular disease in adulthood. It is unclear whether abnormal intrauterine growth influences arterial morphology during the fetal or neonatal stage. The objective was to study the regional arterial morphology with respect to gestational age and abnormal fetal body size. Methods and Results-We studied body anthropometrics and arterial morphology and physiology in 174 neonates born between 31 and 42 weeks of gestation, including neonates with birth weights appropriate, small, and large for age, with very high resolution vascular ultrasound . In simple linear regressions, parameters of body size (body weight, body surface area, and organ circumference) and gestational age were statistically significantly associated with common carotid, brachial, femoral arterial parameters (lumen diameter [LD], wall layer thickness [intima-media thickness and intima-media-adventitia thickness], and carotid artery wall stress [CAWS]). Male sex was statistically significantly associated with LD and CAWS. In multiple linear regression models, body size, gestational age, and sex explained a large proportion of the arterial variance (R 2 range, 0.37-0.47 for LD; 0.09-0.35 for intima-media thickness; 0.21-0.41 for intima-media-adventitia thickness; and 0.23 for CAWS; all models P<0.001). Arterial wall layer thickness, LDs, and CAWS were independently and strongly predicted by body size, and no effect of maternal disease was observed when added to the models. Gestational age and male sex were also independently but more weakly associated with arterial LDs and CAWS (P<0.01), but not with arterial wall layers. Conclusions-These results indicate that the intrauterine growth of fetal arterial LD and wall layer thickness are primarily attributed to body growth overall. LD and CAWS show weaker association with gestational age and sex. (Circ Cardiovasc Imaging. 2016;9:e004657.
T he development of atherosclerosis is considered a life-time process with origins in early life. Transient accumulation of lipids in the arterial wall has been reported in autopsied neonates, 1 and more advanced abnormalities in the arterial wall architecture have been reported in adolescents and in young adults with cardiovascular risk factors. 2, 3 Longitudinal cohort studies extending to young adulthood 4, 5 show significant association between cardiovascular risk factors and arterial intima-media thickness (IMT). In the elderly population, arterial IMT and plaque predict cardiovascular events. 6, 7 
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The effect of the intrauterine milieu on disease susceptibility later in life has been observed in both animals and humans. 8 This programming seems to also influence cardiovascular disease: intrauterine growth restriction (IUGR) and birth weight small for gestational age (SGA) have been shown to be linked with cardiovascular events later in life. 9 Evidence linking excessive fetal growth and a large for gestational age ( LGA) birth weight with cardiovascular risk and events is not that well established. [9] [10] [11] [12] Abnormalities in fetal growth are associated with maternal disease and pregnancy disorders, including preeclampsia and diabetes mellitus.
The effect of the intrauterine milieu on the development of cardiovascular disease is increasingly studied but unclear, and its impact compared with that of genetic and environmental factors is undetermined. Assessing the vascular phenotype during the early stages of life is necessary for distinguishing longitudinal changes taking place before and after birth. Increased sonographic IMTs [13] [14] [15] [16] [17] [18] [19] [20] and normal histological IMTs 21 have been reported in SGA neonates. Smaller arterial lumen diameters (LDs) and reduced microvasculature have also been reported in this population. 22 In LGA neonates, both increased 23, 24 and appropriate 25 IMTs have been reported. This suggests a nonlinear U-shaped association between intrauterine body and arterial growth.
These varying results show a need for exploration of these associations between intrauterine growth abnormalities and arterial morphology. Our reports indicate that methodical Arteries in Fetal Growth Abnormality shortcomings exist in the assessment of the arterial wall layers with conventional high-resolution ultrasound frequencies (<15 MHz) in childhood and infancy in particular. 26 To our knowledge, no study has assessed arterial morphology with very high-resolution ultrasound (VHRU, 35-55 MHz) in humans with intrauterine growth abnormality. The objective of this investigation was to evaluate regional arterial morphology in term and preterm neonates, including a range of different intrauterine growth abnormalities using VHRU in relation to gestational age (GA), sex, blood pressure (BP), and body size.
Methods

Subjects
This is a cross-sectional study. One hundred seventy-four neonates born at weeks 31 to 42 were recruited between November 2011 and January 2014 at the surveillance unit at the Helsinki University Central Hospital's Women's Hospital. No sedation was used.
The neonates were randomly recruited in 3 groups based on their GA and their body weight (BW) within a week (5-184 hours) of delivery. The inclusion criteria for the LGA and SGA groups were a BW 2 SDs larger, respectively smaller, than the Finnish reference fetal growth curves. 27 The control group consisted of neonates with appropriate for gestational age (AGA) BWs within ±2 SDs. The registries of all the subjects were screened for IUGR, defined as either (1) documentation of an umbilical artery resistance index >97.5 percentile, umbilical artery block, or brain sparing on mean cerebral artery Doppler or (2) evidence of fetal BW z-score downshift, both documented by obstetric ultrasound in a tertiary center setting. Because IUGR was only documented in the SGA group, this group was subdivided into an IUGR (n=11) and a non-IUGR group (n=28).
Neonates with any malformations or needing medication were excluded. Neonates with minor cardiovascular abnormalities, including a small muscular septal defect, mild pulmonary stenosis or a patent foramen ovale or ductus arteriosus were included.
Maternal characteristics along with gestational and delivery data were collected from registries. Maternal height and weight were obtained from data recorded before pregnancy. Pregestational and gestational diabetes mellitus was clinically defined and classified in accordance with the White classification. 28 Preeclampsia was defined as hypertension (>140 mm Hg systolic or >90 mm Hg diastolic BP on repeat readings) together with >0.3 g of protein in a 24-hour urine sample.
The study was approved by the local research board and the hospital. Informed written consent was obtained from the mothers. In addition, the Finnish National Supervisory Authority for Welfare and Health, Valvira, was informed about the use of the VHRU Vevo system in human neonates.
Anthropometrics and Clinical Parameters
Subjects were weighed and their length was measured after birth. Both BW and length were measured using the Seca 717 set of scales equipped with the Seca 231 measuring rod to the closest unit of millimeter and gram. The subjects were given an APGAR score upon birth by the midwife, and the mode of delivery was recorded. The placenta was weighed, the umbilical cord vessels were counted and the umbilical arterial pH was measured.
The anthropometrics of the subjects were assessed to the closest millimeter using a tape measure. Head circumference was measured at the temporal level. Arm length was measured from the axilla to the fold between the antebrachium and the palm, and the circumference at the midbrachial and midantebrachial levels. Leg length was measured from the groin to the medial malleolus, and the circumference at midthigh and midcalf levels. The thoracic circumference was measured at the level of the processus xiphoideus and the abdominal circumference just cranially to the umbilicus, both during endexpiration. The 95% limits of agreement of 10 parallel measurements performed on all anthropometric tape measures ranged from ±2 mm around the mean for head circumference to ±15 mm for the abdominal circumference with CVs in the range of 0.3% to 2.7%.
Body surface area (BSA) was calculated from BW and length using the Mosteller formula. The ponderal index was calculated by dividing the BW of the neonate by length 3 .
Arterial Morphology and Physiology
Bilateral B-mode images of the common carotid, brachial and femoral arteries of the subjects were obtained using VHRU, as recently validated for neonatal-sized vessels. 26, 29 Scanning was performed with the Vevo 770 (Visualsonics, Toronto) system, using the 35 and 55 MHz frequency. Scanning was commenced using the highest frequency able to reach the vessel far wall. LD and arterial layer thickness (IMT and intima-media-adventitia thickness [IMAT]) were assessed from the far wall using the leading edge technique in end diastole (R wave on ECG), and carotid LD was additionally assessed during peak systole (T wave on ECG). Detailed precision data of the measurements obtained in the study population have recently been reported. 26 Common carotid arterial wall distensibility coefficient (%/10 mm Hg) was calculated using the formula:
where CCALAD and CCALAS are carotid lumen area in end diastole and peak systole, respectively, and systolic blood pressure (BPS) and diastolic blood pressure (BPD) are right arm systolic and diastolic BPs. Common carotid artery stiffness index (no unit) was calculated with the formula (dimension areas changed to diameters):
Common carotid wall stress (mm Hg) was calculated with the formula:
where CCAIMT is common carotid artery IMT and BPM is right arm mean BP.
Blood Pressure
BP was measured in the supine position, with the cuff on the right brachium using the Phillips IntelliVue P70 monitoring unit with neonate cuffs. The BPS and BPD were measured 3×, pulse pressure (BPP) calculated, and the mean used in regression analyses. The 95% limits of agreement of the parallel measurements were ±6 mm Hg around the mean for BPS and ±7 mm Hg for BPD with CVs of 4.5% and 8.7%, respectively.
Data Analysis
Data are presented as mean±SD and proportions as found appropriate. All continuous variables were assumed to be normally distributed. No statistically significant difference between left and right arterial parameters was found using paired Student t test, and the arithmetic mean was calculated based on the vascular parameters of both sides and was subsequently used in analysis. Background and vascular parameters of the groups were compared using 1-way ANOVA, which Values are mean±SD. AGA indicates appropriate for gestational age; BPS, systolic blood pressure; BPD, diastolic blood pressure; BPP, pulse pressure; HR, heart rate; LGA, large for gestational age; and SGA, small for gestational age. The results of Tukey test or Pearsons χ 2 test have been denoted where appropriate with *, †, and ‡ corresponding to a P value of <0.05, <0.01, and <0.001, or whether a categorical variable, to a Bonferroni corrected P value compared with AGA. Vascular data were further assessed by plotting it against GA, sex, BP, and different parameters of body size. The anthropometric parameters were all strongly associated with BSA. A univariate linear regression analysis was first performed to determine associations between arterial parameters and sex, GA, body size parameters, and BP. The coefficient of determination (R 2 ) was interpreted as a measure of the goodness of fit: the higher the coefficient the stronger the association. Strong associations between parameters of body size and arterial dimensions and wall stress were found, and significant multicollinearity was observed between BW, BSA, and the organ circumference. Circumference of the head, antebrachium, and calf are reported in the univariate analyses in the tables because these performed better than organ length and similar to BSA. Ponderal index was consistently inferior to BSA as a predictor. To avoid multicollinearity, BSA was chosen as the only body size parameter in the multiple linear regressions, despite organ circumference performing equally in univariate regressions, and entered together with sex, GA, BP, maternal body mass index, maternal diabetes mellitus, and maternal preeclampsia (predictors) in forward stepwise multiple linear regression models to study the independent association of these parameters with the arterial dimensions. Maternal diabetes mellitus and preeclampsia were entered as nominal variables (present or not present). Associations between BPS, BPD, BPP and sex, GA, body size, postnatal age, ductus arteriosus flow profile, maternal factors were similarly explored with univariate and multiple linear regressions. Data were analyzed using both GraphPad Prism V. 5.01 and SPSS 22.
Results
Neonatal and Maternal Anthropometrics, Background, and Cardiovascular Characteristics
Neonatal characteristics are found in Table 1 and Table I in the Data Supplement. GAs at birth were similar; however, the body anthropometrics varied among the groups as expected. Minor statistically significant differences were found in BP with BPS and BPP higher in LGA, and BPD higher in SGA compared with AGA (Table 2 ). In multiple regressions ( Table II in the Data Supplement) GA, postnatal age and maternal diabetes mellitus were independently and positively associated with BPS. BPD was positively associated with postnatal age and negatively associated with ductal shunting. BPP was positively and independently associated with BW and maternal diabetes mellitus.
The LGA mothers' weight and body mass index were significantly higher compared with AGA, and pregestational diabetes mellitus and preeclampsia were common among LGA and SGA mothers, respectively. Otherwise, the maternal parameters were similar ( Table 3 ; Table III in the Data Supplement). LGA, large for gestational age; IMAT, intima-media-adventitia thickness; IMT, intima-media thickness; and SGA, small for gestational age. The results of Tukey test or Pearsons χ 2 test have been denoted where appropriate with * and † correspond to a P value of <0.001 and <0.05, or whether a categorical variable, to a Bonferroni corrected P value compared with AGA.
§For the brachial IMT, n is 78, 30, and 39 for the AGA, SGA, and LGA groups, respectively. ║For the femoral IMT, n is 88, 37, and 38 for the AGA, SGA, and LGA groups, respectively. Arteries in Fetal Growth Abnormality
Neonatal Arterial Morphology and Physiology
Arterial dimensions for the different groups are shown in Tables 4 and 5 (Tables 4 and 5 ). Carotid artery wall stress was increased in LGA compared with AGA (Table 4 ). When indexed for BSA, group differences were Figure 1 . Carotid artery lumen diameter, intima-media thickness, and indexed parameters in relation to gestational age and body surface area (BSA) in large for gestational age (blue), small for gestational age (red), and appropriate for gestational age (white) neonates. See Table 6 for regression analyses. Arteries in Fetal Growth Abnormality largely reversed and when indexed for organ circumference, the differences were attenuated ( Table IV in the Data Supplement; Figure 1 ). The results of the regression analyses are presented in Tables 6 through 8 . Arterial dimensions were strongly associated with body size. BSA, GA, and sex, but not BPP, remained independent predictors for arterial LDs in multiple regression analyses. Only BSA remained an independent significant predictor for IMAT and IMT. The addition of maternal background factors did not improve the fit (R 2 ) of the model.
When the SGA group was divided into a non-IUGR and an IUGR group and the carotid and femoral parameters were compared, femoral artery LD, carotid IMT, and femoral artery IMAT indexed for BSA differed significantly between the groups. Femoral artery IMT and IMAT remained statistically significant between groups when indexed for organ circumference ( Table V in When upper versus lower body asymmetry was compared (head:calf circumference and antebrachial:calf circumference ratios) head:calf circumference ratio was highest in SGA followed by AGA and lowest in LGA (0.36±0.03 versus 0.31±0.03 versus 0.28±0.02; all P<0.001). No other differences in body ratios were found. Similarly, when the arterial parameters (LD, IMT, and IMAT) were assessed for upper versus lower body asymmetry, lower carotid to femoral IMT ratios were found in LGA compared with AGA (1.7±0.7 versus 2.0±0.7, P=0.036). A minor difference was also seen in brachial to femoral IMAT ratios in SGA compared with AGAs (0.93±0.13 versus 0.87±0.12, P=0.048). No statistically significant differences in LD ratios were found.
Discussion
In this study, we assessed arterial morphology in preterm and term AGA, SGA, and LGA neonates. We used preterm neonates as a surrogate to assess the arterial morphology during Figure 2 . Brachial artery lumen diameter, intima-media thickness, and intima-media-adventitia thickness in relation to gestational age and body surface area in large for gestational age (blue), small for gestational age (red), and appropriate for gestational age (white) neonates. Layers were below resolution in the smallest neonates as indicated by the lack of data at the level of <0.05 mm. See Table 7 for regression analyses.
the third trimester of fetal development. Our main finding was that the variability in arterial morphology is related to body size and growth overall, and more weakly with GA and male sex. We were unable to demonstrate any additive independent associations between arterial morphology and postnatal neonatal BP, maternal pregestational body mass index, or a history of gestational diabetes mellitus or preeclampsia at the newborn stage.
Our findings are in concordance with our previous report on the postnatal evolution of the arterial structure, with increase in arterial dimensions being attributable to the body growth from infancy to adolescence, 30 and for postnatal cardiac and great vessels growth in children that are commonly reported in relation to BSA. 31 It stands to reason that as the fetal body grows in size, so do the arteries. The reversed differences between the groups in vascular morphological dimensions indexed for BSA, however, show that the arterial morphology is discordant with BSA overall and suggest that BSA is not an optimal predictor of these vascular parameters in the setting of abnormal fetal growth. We speculate that arterial growth could be more closely predicted by lean body mass in LGA infants but the optimal predictor for the SGA infants remain unclear. The attenuation of group differences when indexed for organ circumference show that being born inappropriately small or large for GA is not associated with an abnormal fetal arterial wall thickness per se during third trimester or at term. This conclusion is in contrast with earlier studies, which report an increased arterial layer thickness in growth restricted neonates when measured using conventional ultrasound able to reach the abdominal aorta but with limited axial resolution. [13] [14] [15] [16] [17] [18] [19] [20] Our findings are inconsistent with studies reporting an increase in arterial wall layer thickness in LGA neonates 26, 27 but in concordance with previous autopsy studies on SGA neonates. 21 Moreover, our reported arterial layer thicknesses are much thinner than those previously reported, indicating an important difference in methodology attributable improved axial resolution, as recently discussed. 26 However, our results may not be directly comparable to the studies by Skilton et al, 13 Koklu et al, 14 Gunes et al, 15 Koklu et al, 16 Cosmi et al, 17 and Zanardo, 18 as these examined the aorta and not the carotid, brachial, or femoral . Femoral artery lumen diameter, intima-media thickness, and intima-media-adventitia thickness in relation to gestational age and body surface area in large for gestational age (blue), small for gestational age (red), and appropriate for gestational age (white) neonates. Layers were below resolution in the smallest neonates as indicated by the lack of data at the level of <0.05 mm. See Table 8 for regression analysis. vessels. To our knowledge, this is the first study in which arterial layer dimensions in preterm and term neonates have been comprehensively assessed with VHRU methodology specifically validated for the assessment of neonate size vessels. These results importantly contribute to the existing literature, as there are limited data on the normal variation in these parameters in this age group.
In relation to the Developmental Origins of Health and Disease Hypothesis and the role of cardiovascular fetal programming, our findings show that an increased cardiovascular risk assessed with arterial layer thickness is not evident in the vascular profile of SGA or LGA during third trimester or newborn stage. This does not, however, imply that our results would be contradictory to those showing an increased risk of cardiovascular events in the elderly population with a history of SGA, and the results are in line with a recent study showing no difference in the cardiovascular profile between SGA and AGA infants. 32 Our study, however, included only a minority of well-documented IUGRs within the SGA group, and although we were not able to show any major and consistent statistical differences in arterial layer thickness in the IUGR subgroup nor associations related with ponderal index, we are nevertheless limited by the small number of IUGR subjects (n=11) in our analyses.
The results indicating an increase in BPD for the SGA are interesting, as earlier studies have reported an increase in BPS in SGA neonates. 19 No independent association between neonatal BP and arterial wall thickness was found, as previously reported in children. 30 The variation in different BP parameters among the groups is likely explained by changes in circulation and pressure during the The unstandardzed coefficient is represented by B and the R 2 (coefficient of determination) represents the goodness of fit. ABDC indicates abdominal circumference, BPD, diastolic blood pressure; BPP, pulse pressure; BPS, systolic blood pressure; BSA, body surface area; BW, body weight; GA, gestational age; HC, head circumference; IMT, intima-media thickness; LD, lumen diameter; and PI, ponderal index. Our results about the lack of an independent effect of maternal disease on fetal arterial development are to be taken with caution. The rigid 2 SD inclusion criteria were reflected in a high prevalence of maternal disease in our study sample. We nevertheless failed to detect any potential independent transgenerational effects of maternal disease in the offspring during the newborn stage.
Major limitations of the study include lack of information relating to neonatal body composition, including lean body mass, retrospective collection of maternal and gestational data, and the lack of follow-up data relating to fetal growth and hemodynamics. Second, the measurements bordering the limits of ultrasound axial resolution are inevitably related with a technical imprecision that likely explains a substantial amount of the variability in the layer thickness reported in the figures. This may explain the inability to detect independent subtle association between layer thickness, sex, and GA. In addition, the low penetrance of VHRU limits the imaging of the aorta. These issues related to the mode of imaging are limitations of our study. Third, this study provides limited ABDC indicates abdominal circumference, BPD, diastolic blood pressure; BPP, pulse pressure; BPS, systolic blood pressure; BSA, body surface area; BW, body weight; CC, calf circumference; GA, gestational age; HC, head circumference; IMAT, intima-media-adventitia thickness; IMT, intima-media thickness; LD, lumen diameter; and PI, ponderal index. Arteries in Fetal Growth Abnormality information on the association between abnormal fetal growth and neonatal arterial function, which is challenging to assess accurately and precisely with noninvasive methodology. Fourth, our cross-sectional study design and the age of the study population do not provide evidence in favor of or against an effect of fetal programming on the development of cardiovascular disease long term.
In conclusion, our results show that arterial growth and morphology of the arterial wall during the fetal stage is largely explained by body growth overall and to a lesser extent attributed to GA and sex. SGA and LGA neonates display an arterial morphology that is appropriate for body growth. No independent associations of neonatal BP, prepregnancy maternal body mass index, or maternal disease on the arterial morphology were found. Further studies are needed to determine the effect of postnatal growth and maturation on the cardiovascular morphology and function in children and adolescents born small or large for GA and the role of lean body mass growth during gestation has on the cardiovascular morphology at birth.
